ABSTRACT: Over the past few years, mass spectrometry has emerged as a technology to complement and potentially replace standard immunoassays in routine clinical core laboratories. Application of mass spectrometry to protein and peptide measurement can provide advantages including high sensitivity, the ability to multiplex analytes, and high specificity at the amino acid sequence level. In our previous study, we demonstrated excellent reproducibility of mass spectrometry-selective reaction monitoring (MS-SRM) assays when applying standardized standard operating procedures (SOPs) to measure synthetic peptides in a complex sample, as lack of reproducibility has been a frequent criticism leveled at the use of mass spectrometers in the clinical laboratory compared to immunoassays. Furthermore, an important caveat of SRM-based assays for proteins is that many low-abundance analytes require some type of enrichment before detection with MS. This adds a level of complexity to the procedure and the potential for irreproducibility increases, especially across different laboratories with different operators. The purpose of this study was to test the interlaboratory reproducibility of SRM assays with various upfront enrichment strategies and different types of clinical samples (representing real-world body fluids commonly encountered in routine clinical laboratories). Three different, previously published enrichment strategies for lowabundance analytes and a no-enrichment strategy for high-abundance analytes were tested across four different laboratories using different liquid chromatography-SRM (LC-SRM) platforms and previously developed SOPs. The results demonstrated that these assays were indeed reproducible with coefficients of variation of less than 30% for the measurement of important clinical proteins across all four laboratories in real world samples.
■ INTRODUCTION
The list of laboratory-developed tests and FDA-approved assays for proteins and peptides numbers over 200 and is growing at a rapid rate. 1 Many or most of these assays are offered as immunoassays running on automated clinical analyzers. Currently, a critical and unmet need exists for alternatives to immunoassays, primarily because of both the cost and time expended in development and validation of well-performing antibodies as well as their lack of specificity. This, along with the lack of standardization and certified reference materials, results in poor interplatform analyzer agreement. 2 Over the past few years, mass spectrometry has emerged as a technology to complement and potentially replace standard immunoassays in routine clinical core laboratories. 3 Application of mass spectrometry to protein and peptide measurement can provide advantages, including the ability to multiplex analytes and specificity at the amino acid sequence level. 4 The latter is particularly important, as it is increasingly evident that closely related protein isoforms and variants play a major role in diseases. 5 Most antibody-based tests cannot provide the requisite specificity for accurate quantification of specific protein isoforms and fragments. 6 As the era of personalized medicine and high-throughput analysis emerges, panels of biomarkers will become the standard of care, and technologies/ platforms capable of handling such throughput will become favorable.
Traditionally, a frequent criticism leveled at the use of mass spectrometers in the clinical laboratory is the perceived lack of interlaboratory reproducibility of instrumentation platforms and protocols, poor overall analytical sensitivity of MS compared to immunoassays, as well as their cost vis a vis immunoassays. 7 In fact, some studies, including a recent one from this group, have demonstrated excellent reproducibility of mass spectrometry-selective reaction monitoring (MS-SRM) assays when applying standardized SOPs and proteins including synthetic isotopically labeled peptides. 8, 9 Moreover, when the throughput and capacity for multiplexing are calculated into the cost/benefit analyses, mass spectrometry-based SRM assays present an attractive alternative to standard immunoassays, especially when the latter cannot quantify the relevant protein analyte variants accurately.
An important caveat of SRM-based assays for proteins is that many low-abundance analytes require some type of enrichment before detection with MS. 10−13 This adds a level of complexity to the procedure and the potential for irreproducibility increases, especially across different laboratories with different operators.
14 While multidimensional sample fractionation may provide some increase in analytical sensitivity through reduced complexity, fractionation is not enrichment, and thus low -abundance analytes are still low abundance after fractionation. Consequently, efforts are underway to instill upfront sample preparation methods that concentrate and enrich the target analyte ahead of time prior to MS.
The purpose of this study was to test the interlaboratory reproducibility of SRM assays with various upfront enrichment strategies and different types of bona fide clinical samples (representing real-world body fluids commonly encountered in routine clinical laboratories). Three different, previously published enrichment strategies were tested across four different laboratories using the previously developed SRM platform and SOPs. 8,15−18 We made the decision to have each laboratory perform one type of sample preparation and then distribute the samples to the other three laboratories for evaluation on the SRM platform. This was an intermediate step between running SRM assays with synthetic standards 9 and completing the entire workflow (from sample preparation to MS) in each individual laboratory. Our intent was to demonstrate robustness and reproducibility of SRM peptide assays across different sample types including serum, urine, and seminal plasma in multiple laboratories. Even without completing the entire workflow in each laboratory, this was a significant challenge since protein sample preparation techniques are complex and can result in a significant degree of variability even before introduction to the mass spectrometer. 15 Before SRM assays can be routinely accepted in clinical laboratories, robust results with low variability using a variety of different sample types and preparation techniques must be demonstrated. Ultimately, workflows from sample collection to introduction to the mass spectrometer will be performed in each individual laboratory. In our study, enrichment using glycopeptide capture, immunocapture, and nanoparticle as well as no enrichment were performed on the various sample types. Each laboratory prepared one type of enriched clinical sample and shipped it to the other laboratories. All four laboratories ran the SRM assay for all four types of samples. A total of six proteins, eight peptides, and two different mass spectrometers were examined. Three different bona fide clinical sample types including serum, urine, and seminal plasma were processed and tested. First, glycopeptides enriched from serum samples 16 from prostate cancer patients were examined. Next, mass spectrometric immunoassay (MSIA)-SRM 15 was applied to enrich prostate specific antigen (PSA) from serum samples. Then a novel enrichment strategy using nanoparticles was applied to urine samples to enrich human growth hormone, 17 and finally, four medium-to-high abundance proteins were analyzed in trypsin-digested seminal plasma without any additional upfront enrichment or purification.
18 Figure 1 shows the four protocols used in this study. The results demonstrated that these SRM assays were sensitive enough to detect analytes at clinical relevant levels and were reproducibly analyzed in multiple laboratories with coefficients of variation of less than 30% across all laboratories. These data support the use of SRM assays with upfront enrichment strategies for measuring important clinical analytes in real samples.
■ MATERIALS AND METHODS

Platform
The platform used in the four laboratories was described in detail in our previous study. 9 All SRM assays were developed on a TSQ Quantum Ultra triple quadrupole mass spectrometer, Surveyor MS pump, Micro Autosampler and an IonMax Source equipped with a low flow metal needle (Thermo Fisher Scientific), flow rate 160−200 μL/min. Reverse phase separations were carried out on a 1 mm ×150 mm Hypersil Gold 3 μm C18 particle. The samples were then prepared to enrich N-linked glycopeptides by Johns Hopkins University and distributed to the other three laboratories participating in this study. NLinked glycopeptides isolated from three samples were used in this multiple laboratory study:
1. Sample N (Normal) -glycopeptides extracted from 10 μL of pooled healthy male serum. 2. Sample C (Cancer) -glycopeptides extracted from 10 μL of pooled prostate cancer male serum. The PSA concentration in cancer serum was 44.5 ng/mL as measured by the clinically used PSA assay. 3. Sample P (PSA) -glycopeptides extracted from 10 μL of pooled healthy female serum spiked with recombinant PSA. The final PSA concentration in serum samples was 51.4 ng/mL as measured by the clinically used PSA assay. 16 Additionally, 300 fmol of heavy peptides (DKSVILLGR) with 13 C-and 15 N-labeled aspartic acid was spiked in each sample. 16 Recombinant PSA spiked in sample P has glycosylation, so we expect the enrichment of N-linked glycopeptide from the control sample to be similar to the enrichment of endogenous PSA.
Formerly N-linked glycosylated peptides were isolated from serum samples using the N-linked glycopeptide capture procedure. 19, 20 Briefly, proteins from 20 μL of serum were first denatured in 90 μL of 8 M urea, 0.4 M NH 4 HCO 3 , and 0.1% SDS for 2 h at 60°C. The peptides were then reduced by adding 10 μL of 120 mM Tris(2-carboxyethyl) phosphine at room temperature for 30 min and alkylated by mixing with 10 μL of 160 mM iodoacetamide at room temperature for 30 min in the dark. The protein solution was diluted by 190 μL of Arg-C digestion buffer (100 mM Tris-HCl, 20 mM CaCl 2 , 10 mM DTT, 1 mM EDTA, 40 mM methylamine, adjust pH to 7.6). Ten micrograms of Arg-C was added to digest protein at 37°C overnight with gentle shaking. The digested peptides were cleaned with C18 columns and oxidized by adding 45 μL of 100 mM sodium periodate in 50% acetonitrile at 4°C for 1 h in the dark. After removal of the oxidant using C18 columns, the sample was conjugated to hydrazide resin at room temperature for 4 h in 80% acetonitrile. Non-glycosylated peptides were then removed by washing the resin three times with 800 μL of 1.5 M NaCl, H 2 O, and 100 mM NH 4 HCO 3 . Then, N-linked glycopeptides were released from the resin by addition 2.5 mU of PNGase F in 100 mM of NH 4 HCO 3 and incubated at 37°C overnight. After the final clean up by MCX columns, the peptides from each sample were dried and resuspended in 20 μL of 0.4% acetic acid solution. The 10 μL of glycopeptide mixture from 10 μL of original serum were used in each liquid chromography-mass spectrometry (LC-MS) analysis.
Nanoparticle-based Pituitary Human Growth Hormone Enrichment from Human Urine. Recombinant human growth hormone (Humatrope Somatropin, Eli Lilly, Inc.) was first used to optimize the SRM procedures in the laboratory at George Mason University. Following optimization, pituitary human growth hormore (pit-hGH, NIBCS, United Kingdom, Growth Hormone, Human, Pituitary NIBSC code: 80/505) was spiked into human urine at 100 ng/mL in order to produce "real world" samples with human-derived hGH. Serial dilutions were made with urine as the diluent to obtain the following concentrations of pit-hGH which span the known upper physiologic range of hGH in clinical samples: 17 50 ng/mL, 25 ng/mL, 10 ng/mL, 5 ng/mL, 2.5 ng/mL, 1.25 ng/mL, and 0.5 ng/mL). This was used to study the limit of detection (LOD)/limit of quantitation (LOQ) in-house. One millimeter of each of these samples was used for nanoparticle enrichment (the enriched sample was later brought up to 50 μL), while 50 μL of urine sample (with no pit-hGH spiked in) was used without nanoparticle enrichment as the blank sample. For interlaboratory comparison, one clinical urine sample (4 mL total volume) with hGH spiked in at 10 ng/mL (median range of known physiologic concentration) was subjected to nanoparticle enrichment and aliquots from the resultant eluate were tested across laboratories.
Briefly, 1 mL of each urine sample was centrifuged at 3000 rpm for 10 min at 4°C. The urine supernatant was removed and incubated with 500 μL of nanoparticles (with Remazol Brilliant Blue as affinity bait) for 20 min at room temperature. Samples were centrifuged at 13 000 rpm for 40 min at room temperature to separate nanoparticles and the urine. The supernatant was removed, and the nanoparticles washed with 1 mL of water by vortexing for 10 s at room temperature. Samples were centrifuged at 13 000 rpm for 40 min at room temperature, the supernatant was removed, and the nanoparticles were washed a second time with water. After another centrifugation step, and removal of the water, proteins were eluted from the nanoparticles by briefly vortexing the nanoparticles at room temperature with 500 μL of 10% ammonium hydroxide/70% acetonitrile, followed by sonication for 2 min. Samples were centrifuged at 13 000 rpm at 25°C for 15 min, and the eluate was collected. A second elution was performed and the two elutions were pooled. The pooled elutions, as well as the 50 μL samples of pit-hGH spiked urine not enriched with nanoparticles, were dried to completion in the speed-vac. Samples were then reduced at room temperature for 1 h in 1 M urea/50 mM ammonium bicarbonate/10 mM DTT. Iodoacetamide was added at a final concentration of 50 mM, and samples were placed in the dark at room temperature for 20 min. 500 ng of trypsin were added, and samples were placed at 37°C overnight for digestion. One microliter of concentrated trifluoroacetic acid (TFA) was added to stop the digestions. Samples were vacuum-dried and reconstituted in 50 μL of 200 μg/mL glucagon.
MSIA Enrichment of Prostate Specific Antigen from Human Serum. All samples used in this study were acquired under an institutional review board-approved protocol, and informed consent was obtained from all study participants. One pooled serum sample was tested, for which samples were collected at Mount Sinai Hospital in Toronto, prepared at BRIMS, and then distributed to all four laboratories. Samples were frozen at −80°C until use. Antibodies for PSA were obtained from Medix Biochemica, Kauniainen, Finland. MSIATips were prepared by Intrinsic Bioprobes, Tempe, AZ, as previously described. 15 Before analysis, samples were thawed in an ice bath, and 1 mL of serum was diluted with 750 μL of HBS-EP buffer to a total analytical volume of 1.75 mL. PSA was then extracted with the aid of a Platemate 2 × 3 96 pipetting robot (Thermo Scientific) by repeatedly (1500 repetitions) drawing and expelling (back into the analytical volume) 150 μL aliquots of the analytical volume through the antibodyprelinked MSIA-Tip. After extraction, the pipettes were rinsed with HBS-EP and H 2 O (in this order; each rinse consisted of 15 repetitions of 150 μL), after which PSA was immediately eluted for detection.
Bound proteins were eluted from the tips into a 96-well plate (AB-1300, Abgene) by pipetting 100 μL of 30% acetonitrile/ 0.5% formic acid up and down for a total of 100 cycles. Samples were lyophilized to dryness and then resuspended in 25 μL of 8 M urea/2.5% n-propanol/200 mM Tris/10 mM DTT, pH 8.5. Next the samples were reduced by incubation at 37°C for 1 h. The samples were then cooled to room temperature and iodoacetic acid (40 mM final) was added for the alkylation step. The reduced and alkylated samples were diluted with 130 μL of 50 mM Tris/5 mM CaCl 2 and 1 μg of trypsin was added to each sample in 40 μL of 25 mM acetic acid. Samples were allowed to digest for 18 h at 37°C. After digestion, samples were acidified to 1% TFA and subjected to C18 purification following the vendor's protocol (Pierce). Samples were lyophilized and resuspended in 30 μL of 5% (v/v) acetonitrile/0.2% (v/v) formic acid/15 ng/μL glucagon/PSA heavy peptides.
Samples and Protocols for Measurement of Seminal Plasma Proteins. Seminal plasma samples were obtained with informed consent and Mount Sinai Hospital IRB approval from normal fertile men about to undergo a vasectomy ("Normal" sample, total protein concentration 45.8 mg/mL) and previously fertile men who had undergone a vasectomy (obstructive asoospermia (OA) Post-Vasectomy sample, total protein concentration 44 mg/mL). Samples were prepared at Mount Sinai and distributed to the other three laboratories participating in the interlaboratory reproducibility study. Seminal fluid was allowed to liquefy at room temperature for 1 h, after collection. Seminal fluid was aliquoted in 1 mL portions and centrifuged at 13 000 rpm for 15 min at room temperature three times, to separate plasma from cells and cellular debris. The supernatant seminal plasma was then frozen at −80°C until use. Seven microliters of seminal plasma were diluted 2-fold with 50 mM ammonium bicarbonate and subjected to trypsin digestion without prior purification or removal of high-abundance proteins. Proteins were denatured with 0.1% Rapigest (Waters) at 60°C, and the disulfide bonds were reduced with 50 mM dithiothreitol. Following reduction, the samples were alkylated with 100 mM iodoacetamide. Samples were then trypsin-digested overnight at 37°C. Rapigest was cleaved with 1% trifluoroacetic acid, and all samples were centrifuged at 4000 rpm for 20 min and transferred to 96-well plates.
Analysis
Development of SRM Assays, General Platform. SRM assays were developed and run as previously published. 9 Briefly The HPLC was plumbed using 1/32 red peek tubing. The instrument divert valve was switched to waste before and after the peptides eluted in order to keep the source free of excess salts and debris. Pinpoint software (version 1.1, Thermo Fisher Scientific) was used for developing SRM assays. The algorithm facilitates selection of proteotypic peptides based on the identification data and prediction of optimal fragment ions for SRM assay design, iterative method development, automatic peptide identity confirmation and quantitative data processing. For verification, ratios of transitions monitored should be within 15% of the reference ratios (internal standard peptide); otherwise, the sample is reported as not containing the peptide (signal below 1e2) or having interferences. Peptide sequences were checked for uniqueness for each protein of interest against the Human IPI database (version 3.87, Sept 2011). Pinpoint software is available for download at www.thermo.com/ pinpoint. Peptide sequences and transitions for all assays are given in Supplemental Table 1 . Polytyrosine-1,3,6 calibrant was obtained from CS Bio Company, product number CS0272S. Glucagon was obtained from Sigma Chemical Co, product number G2044-25MG. The mass spectrometers were operated in unit resolution with Q1 and Q3 set to 0.7 fwhm. The instrument operating software was Xcalibur 2.0.7 and TSQ 2.2.0. Nonscheduled methods were run with a cycle time of 0.8 s. Scheduled methods were run with a cycle time of 1 s. Cycle times were optimized to ensure a minimum of 12 scans across each peak. All samples were analyzed in quadruplicate.
Light and Heavy Labeled Peptides. Light and isotopically heavy labeled versions (incorporating 13 C-and 15 N-labeled arginine or lysine) of each target peptide were synthesized (Thermo Fisher Scientific). Heavy peptides had identical sequences to the light peptides, but the C-terminal lysine or arginine was fully labeled (>98.5%) with 13 C and 15 N. The high purity (>97%) of these peptides enabled confident character- ization of their ionization, elution, and fragmentation and therefore, facilitated optimization of the SRM assay.
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Development of SRM Assay: PSA, Glycosylated Peptide, in Serum. The enrichment protocol for this assay specifically enriches for glycopeptides. 16 We targeted the formerly N-linked glycosylated peptide from PSA, DKSVILLGR. The enrichment protocol captures the glycosylated peptides with subsequent cleavage of the glycan residue resulting in the peptide with sequence DKSVILLGR. Using the synthetic heavy labeled peptide, we specifically monitored all b and y fragments and chose the two most intense ions as described previously. 9 Next, collision energy optimization was performed for each of the two transitions. We then used the same transitions for endogenous peptide (light peptide) measurement, completing the development of the final assay for PSA measurement.
Development of SRM Assay: PSA, Tryptic Peptides, in Serum. We developed a technique for the rapid creation of a sensitive SRM assay starting with the recombinant form of any targeted protein. In this case, we started with recombinant proteins (Lee Biosolutions) for each of the two different isoforms of PSA, isoforms 3 and 4. 24, 25 In the first step, we identified transitions for all b and y fragments from all possible tryptic peptides arising from digestion of the recombinants. A total of 11 peptides and 501 transitions (including transitions for both for +2 and +3 precursors if an internal histidine was present) were predicted for both isoforms. This complete set was divided into two sets in order to allow optimal scheduling, and MS data were acquired from tryptic digests of the recombinant proteins. After automated and iterative refinement, the five optimal peptides and eight optimal transitions for each recombinant protein isoform were chosen.
The second step was collision energy optimization. Traditionally, this step is done by manually infusing the synthetic form of the peptide, a costly, time-consuming, and laborintensive process. We optimized this step by creating multiple virtual transitions for each transition. For example, one of the transitions identified in Step 1 was 379.250 (Q1) → 571.392 (Q3) for the peptide SVILLGR (y 5
1+
, precursor +2). We create 12 virtual transitions at 12 different collision energies by modifying the product mz values by 0.02 amu.
Since the Q3 resolution was set to 1 amu, all the virtual transitions monitored the same y 5 1+ transition because they differed by less than 0.03 amu (the difference between 571.306 and 571.326). This is done because the instrument method is not able to take the exact same transition (Q1/Q3 values) more than once. However, the channel intensity was set at different collision energies. The sum of the area under the peak for each of the virtual transitions is equivalent to the signal of the corresponding collision energy for that transition. If the summed areas are plotted versus all the collision energies, the traditional breakdown curve (Figure 2 ) is obtained. In Figure 2 , the orange curve shows the breakdown of y 5 1+ at different collision energy values. This curve allows the identification of the optimal collision energy value for each transition of the peptide SVILLGR. The collision energy values for each of the eight transitions for the other nine peptides were optimized in the same chromatographic run in this manner. Thus, using a recombinant protein and this method allowed for optimization of collision energy values for 10 different peptides in a single LC run. This methodology has also been used by other research groups. 26 The observed retention times permitted the generation of a scheduled method. Figure 3 shows the benefit of scheduling: (a) shows the various start and stop times for the various peptides that were monitored, and (b) shows the number of transitions that were being acquired at any given time. For the 10 targeted peptides, there are a total of 73 transitions. However, with scheduling a maximum of only 29 transitions are monitored at any given time, thus providing a 2.5 fold increase in dwell times. The assay was then further optimized by selecting the best four transitions for each peptide.
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In the next step, the same transitions were monitored by spiking the recombinant protein into a background of serum matrix. Transition ratios that exhibited greater than 15% variation compared to the recombinant only experiment were removed. Last, we selected transitions from two peptides from each of the protein isoforms for the final assay.
Development of SRM Assay: hGH in Urine. In order to develop a sensitive and specific assay for hGH, we used the same protocol as described above for PSA. Starting with recombinant hGH (Humatrope Somatropin, Eli Lilly, Inc.), we evaluated all 12 possible tryptic peptides and their associated 325 transitions (including b and y fragments, and +3 precursors if an internal histidine was present). This allowed the selection of the best seven peptides (the other five were not observed) and the top eight transitions for each. Subsequently, on-column collision energy optimization was performed (as described above) for each of the transitions and the top four transitions for each peptide were selected. The assay was performed in a background of urine matrix and less-than-optimal transitions were removed.
Development of SRM Assay: Proteins in Seminal Plasma. SRM assays were developed using LTQ-Orbitrap discovery data as described previously 27, 28 and then optimized using synthetic peptides. 18 Since the targeted proteins were highly abundant in prevasectomy seminal plasma, no additional upfront enrichment was used to generate SRM assay and analyze the targeted peptides in the trypsin-digested seminal plasma.
■ RESULTS
SRM Assays for N-Linked Glycosylated Peptide of PSA Isolation from Serum
Transitions for peptide DKSVILLGR and C-13 and N-15 labeled DKSVILLGR were monitored for the three samples N, C, and P as described in the Materials and Methods. Each sample was analyzed in each of the four laboratories in quadruplicate. Relative amounts of the glycopeptide in the cancer serum and control serum spiked with PSA were calculated using the heavy-isotope-labeled peptide as internal standard. All the laboratories detected PSA in prostate cancer serum (sample C) and control serum spiked with PSA protein (sample P). The PSA in healthy men were below detectable range. Table 1 and Figure 4 shows relative amounts in samples N, C, and P. Sample C (from prostate cancer patients) had higher levels of PSA than level from sample N (from healthy men). Sample P had higher PSA levels than sample C, also consistent with expectations, as a much higher level of recombinant PSA was spiked in sample P (51.4 ng/mL PSA) comparing to sample C (44.5 ng/mL PSA). The interlab CVs for sample C and sample P were calculated at 28% and 21%, respectively.
Absolute Amounts in Serum Sample for MSIA Enrichment of Prostate Specific Antigen
We monitored two peptides specific to the two PSA isoforms, SVILLGR corresponding to isoform 3 and DTIVANP corresponding to isoform 4. One MSIA-enriched serum sample was analyzed in each of the four laboratories in quadruplicate, and the absolute amounts of these peptides were calculated using the known amount of the internal standard (SVILLGR and DTIVANP). Figure 5 and Table 1 show the calculated amounts from each of the four laboratories, with isoform 3 peptide unambiguously reported as more abundant compared to isoform 4. The interlab CVs were calculated at 13% and 18% for isoforms 3 and 4, respectively.
Absolute Amounts in Urine Samples for Nanoparticle Capture of Pituitary Human Growth Hormone
In order to evaluate the interlaboratory performance of SRMbased measurements of hGH in a real clinical matrix such as urine, we established the LLOD of measurement of hGH within one (Petricoin/Liotta) laboratory by exploring a urine sample study set with a concentration range (0.5−50 ng/mL) of hGH that spans known concentrations of the analyte in clinical samples. 17,21−23 Using this study set, urine samples were processed for SRM analysis either with or without nanoparticle capture and elution of hGH. As shown in Figure 6 , nanoparticle capture greatly enhances the analytical sensitivity of a resultant SRM assay, where the LLOD was at least 500 pg/mL with nanoparticle enrichment and only 5 ng/mL without nanoparticle enrichment. Upon the basis of this result, a preparation of a single sample containing 4 mL of urine with 10 ng/mL of hGH was prepared and subjected to nanoparticle processing, and the eluate was distributed among the participating laboratories such that each laboratory analyzed an equivalent of a 1 mL urine sample. Transitions for peptide FPTIPLSR and heavy labeled FPTIPLSR were monitored in one clinical urine sample in quadruplicate at each of the four laboratories. The absolute amount of this peptide was calculated using the known amount of the internal standard (300 fmol = 10 ng/mL). Figure 7 and Table 1 show the calculated amounts and CVs from each of the four laboratories. The calculated interlab CV was 30% for a 1 mL urine sample containing 10 ng/mL.
Absolute Amounts in Samples for Measurement of Seminal Plasma Proteins
Transitions for four peptides corresponding to four plasma proteins (LDHC, PTGDS, SPAG11B, and FAM12B) were monitored in one prevasectomy seminal plasma sample and one postvasectomy seminal plasma sample. The peptides and the transitions that were monitored are given in Supplementary  Table 1 , Supporting Information; all samples were analyzed in quadruplicate at all four laboratories. Absolute amounts of the four peptides were calculated using the known amount of the corresponding internal standard peptides. None of the laboratories detected the peptides in the postvasectomy sample (Table 1) . This was an expected result since these proteins are primarily produced by the testis and will not be found in postvasectomy seminal plasma due to ligation of vas deferens in vasectomized men. The absolute amount calculated in the prevasectomy samples is shown in Figure 8 and Table 1, demonstrating consistent trends for the four peptides across the four laboratories. The interlab CVs were calculated at 9%, 14%, 5%, and 12% respectively, for the four peptides.
■ DISCUSSION
Immunoassays are currently the gold standard for the measurement of protein analytes in clinical samples. However, immunoassays are subject to variability and may give different results in different laboratories. 29, 30 Mass spectrometry-based assays are poised to revolutionize the world of clinical diagnostics for proteins. 4, 31, 32 As opposed to traditional protein immunoassays, mass spectrometry-based assays deliver required sequence specificity to discriminate and measure protein isoforms and are cost-effective because they can be multiplexed. 2 Over the past 10 years, the steady trickle of evidence that protein isoforms (including sequence variants, posttranslationally modified forms and truncations) are important and key to diseases and pathologies has recently increased to a flood. 5,32−35 The accurate and quantitative measurement of protein isoforms will be a crucial part of the new age of "personalized medicine". 36−40 In particular, SRM-based mass spectrometry assays have recently come to the forefront as a potentially preferred method for clinical assays because they have the key attributes of speed, throughput, excellent quantification, and multiplexing capabilities. 41, 42 A potential caveat is the measurement of low-abundance analytes because enrichment or depletion techniques may add an unacceptable degree of irreproducibility to the measurements. 43−46 This study was designed to test several different, previously published 15−18 sample preparation techniques, focused especially on analyte concentration methodology, coupled to a standardized platform for SRM-MS assays 9 across different laboratories. We demonstrated the rapid development of sensitive and specific SRM assays and related SOPs for proteins derived from several sample types using four different sample preparation methods, three employing enrichment and one with no enrichment. Preparing the samples in each laboratory and distributing to the other three laboratories for analysis on the triple quads was an intermediate step to completing the entire workflow in each laboratory. However, the reproducible results obtained in this study demonstrate that various sample preparation and assay workflows for quantitative peptide measurement can be reproducible at multiple sites. Looking at Table 1 , we can also observe a strong relationship between CV and absolute amount (same as peak area). This is expected, as the lower the amount of the analyte, the higher will be the stochastic variation resulting in a higher CV. The highest interlab CV observed in our study was 30% for the hGH peptide, which also had the lowest peak area.
In conclusion, this study helps to confirm the feasibility of using SRM-based assays for low-abundance protein analyte measurement in clinical specimens.
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